Radionuclide-labeled tracer microspheres have been used frequently to map the timecourse of development of coronary collateral flow. However, the stability of microspheres in ischemic tissue, over time, is unknown. To test how long microspheres can remain after infarction and yield a reliable measure of myocardial flow, tracer microspheres (15 um) were injected prior to left anterior descending coronary artery occlusion in 25 closed-chest, sedated dogs. The occlusion was released at 13 minutes in five dogs (control) or maintained in six dogs that were killed at 24 hours, six at 48 hours, and eight at 8 days. Control dogs were killed at 48 hours after release of occlusion. In control dogs, preocclusion central ischemic zone flow/normal zone flow (CZ/NZ) was not significantly different from unity: 0.97 ± 0.04 (mean ± SE) in the endocardium and 0.94 ± 0.02 in the epicardium. However, in dogs with sustained occlusion, prvocclusion endocardia] CZ/NZ was 0.66 ± 0.05 (P < 0.01 from control) at 24 hours after occlusion. The magnitude of the apparent discrepancy in endocardial flow in the CZ was the same at 24 hours, 48 hours, and 8 days. Preocclusion epicardial CZ/NZ was significantly lower in dogs with sustained occlusion that were killed at 48 hours (0.66 ± 0.05; P < 0.05 from control) and at 8 days (0.70 ± 0.05; P < 0.05 from control), but not at 24 hours. Thus, there was significant loss of tracer microsphere radioactivity from the endocardium of ischemic tissue as early as 24 hours after occlusion, and from the epicardium by 48 hours after occlusion. We conclude that microsphere estimates of collateral flow soon after sustained occlusion may be inaccurate when 24 or more hours elapse prior to tissue sampling.
THE use of radioactive microspheres to determine blood flow (Rudolph and Heyman, 1967) has been readily adapted to the study of regional myocardial blood flow (Domenesch et al., 1969; Fortuin et al., 1971) . This technique has been particularly valuable in assessing coronary collateral flow (Becker et al., 1973; Marcus et al., 1975; Smith et al., 1975) and the influence of various interventions (Kjekshus, 1973; Becker et al., 1975; Becker, 1976; Capurro, et al., 1977) in the early hours following acute coronary occlusion.
Recently the microsphere technique has been used to map the time-course of changes in coronary collateral flow for 1-4 days after abrupt coronary occlusion (Cox et al., 1975; Bishop et al., 1976; Hirzel et al., 1976; Marcus et al., 1976; Rivas et al., 1976) . However, the stability of microsphere radioactivity in ischemic tissue over several days has not been demonstrated. We undertook the present investigation to test the persistence of microspheres in ischemic tissue for the first 8 days of acute coronary occlusion in dogs.
Methods

Preparation
At an initial operation, 25 foxhounds of either sex weighing 18-25 kg received general anesthesia (in-From the Section on Experimental Physiology and Pharmacology, Cardiology Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, Maryland. haled nitrous oxide, 0.5%, and halothane, 0.5%), and the heart was exposed through a left thoracotomy. An inflatable cuff was placed around the left anterior descending coronary artery (LAD), just below the first major diagonal branch. An intramyocardial electrode was implanted in the area of potential ischemia and a catheter was inserted in the left atrium. The chest was closed and the ends of the wire, cuff, and catheter were left in a subcutaneous pouch. One week later, at the time of study, the dogs were sedated with morphine (1.5 mg/kg) and diazepam (2 mg/kg). Under local anesthesia (20 mg lidocaine hydrochloride, administered subcutaneously) the ends of the cuff, catheter, and wires were exposed from their subcutaneous site, and a cannula was inserted in a femoral artery. Arterial blood pressure and ECG were continuously monitored.
Regional Myocardial Blood Flow
Regional myocardial blood flows were determined prior to LAD occlusion in all 25 dogs. Tracer microspheres (15 ± 5 /xm in diameter; 3M Co.) were labeled with cerium-141, ytterbium-169, or strontium-85. The vial containing the microspheres in 10% dextran with a trace of Tween-80 was agitated vigorously on a Vortex mixer for at least 1 minute. A 0.3-ml volume of microspheres (approximately 1 million microspheres) was withdrawn and suspended in 3 ml of saline. The microspheres were infused steadily over 20 seconds through the left atrial catheter. Arterial reference sampling was begun approximately 10 seconds before microsphere injection and continued for exactly 3 minutes. Blood was withdrawn from the femoral artery by a Harvard pump at a rate of 7.6 ml/min. The entire sample was drawn into a single syringe and mixed thoroughly. Two 5-ml aliquots of each blood sample were transferred to counting tubes. Following the preocclusion flow determination, LAD occlusion was accomplished by rapid inflation of the previously implanted cuff with saline. In each instance, inflation of the cuff was confirmed by S-T segment elevation in the myocardial electrogram. At 10 minutes after occlusion, regional myocardial blood flows again were determined.
Four groups of dogs were studied: (1) six dogs with permanent LAD occlusion, killed at 24 hours after occlusion; (2) six dogs with permanent LAD occlusion, killed at 48 hours; (3) eight dogs with permanent LAD occlusion, killed at 8 days; and (4) five dogs with release of the LAD cuff at 13 minutes after occlusion, killed at 48 hours (control group).
At the end of the study, the animals were given pentobarbital, 75 mg/kg, iv, and the hearts were excised. Maintenance of total LAD occlusion was verified at autopsy in all but the control dogs, in each of which a patent LAD was demonstrated. Full-thickness samples (1-2 g) of myocardium were obtained from the left ventricle: four to 11 samples from the "center zone" (i.e., central ischemic zone, denned anatomically as that portion of the left ventricle bounded by LAD and by the LAD branch distal to the occlusive cuff), and three from the normal zone (myocardium from the circumflex distribution). Each sample was bisected into epicardial and endocardial halves and placed in preweighed counting tubes. The radioactivity of the myocardial and blood samples was measured in a Packard Autogamma Spectrometer (model 5220). Windows were set to include the main photo peaks of each isotope. Myocardial blood flow values were calculated from the reference and myocardial sample counts, using simultaneous equations to correct for spectral overlap.
Tissue flow (TF) was calculated as follows: (2)
Tissue flows were calculated from Equation 2. Aliquots of the fully homogenized reference sample were counted to evaluate reference sample activity per unit volume.
Reference Population
The "reference population" was composed of 70 foxhounds in which collateral flow was determined at 10 minutes after acute coronary occlusion (and prior to any pharmacological or physiological intervention). This group included all closed-chest, sedated dogs undergoing microsphere flow determinations in this laboratory over a period of 1 year prior to the start of the present study. All of the dogs in this population received morphine-diazepam sedation, were subjected to acute LAD occlusion, and were killed within 5 hours of occlusion. Microsphere injection procedures, counting techniques, and flow calculations were identical to those used in the present study. The reference population provided a large number of normal myocardial blood flows and of coronary collateral flows obtained when tissue sampling was performed relatively soon after microsphere injection.
Statistical Analyses
Endocardial, epicardial, and transmural (weighted mean) flow values and endocardial/epicardial (ENDO/EPI) flow ratios were determined in normal zone and center zone for each dog. Statistical analyses included Student's t-test for unpaired or paired data, where appropriate, and testing of the Yates-corrected x 2 statistic. Each dog contributed one value to these analyses. Results are reported as mean ± standard error.
Results
Preocclusion Blood Flow: Comparison of Normal and Center Zone Flows
In five control dogs (occlusion released at 13 minutes, dogs studied at 48 hours after occlusion), preocclusion normal zone and center zone flows did not differ significantly from each other in either the epicardium or the endocardium (Table 1) . Similarly, ENDO/EPI flow ratios were equivalent.
In the 20 test dogs, average preocclusion normal zone flows were 0.98 ± 0.08 ml/min per g in the epicardium and 1.18 ± 0.12 ml/min per g in the endocardium. Apparent preocclusion flow to the center zone is shown in Figure 1 , expressed as a percentage of normal zone flow. In the six dogs studied at 24 hours after permanent LAD occlusion, Values are means ± SE. • P < 0.01, different from its own normal lone value. | P < 0 05, different from its own normal zone value.
preocclusion endocardial flow to the center zone was significantly (P < 0.01) less than normal zone endocardial flow. Epicardial flow did not differ in the two zones. In the dogs studied at 48 hours and at 8 days, both epicardial and endocardial flows were significantly lower in the center zone. The magnitude of the discrepancy in epicardial flow was also approximately 30% at both 48 hours and 8 days. Preocclusion epicardial and endocardial flows (in ml/min per g) and ENDO/EPI flow ratios are given in Table 1 . Again, apparent center zone flow in the epicardium was significantly lower in dogs studied at 48 hours (P < 0.01) and 8 days (P < 0.05) after occlusion. Apparent flow to the center zone endocardium was significantly reduced in all three groups (P < 0.01 in dogs studied at 24 hours and 48 hours and P < 0.05 in dogs studied at 8 days). The center zone ENDO/EPI ratio was significantly (P < 0.01) lower than the normal zone ratio in the dogs studied at 24 hours. However, center zone ENDO/EPI flow ratios in the dogs studied at 48 hours and 8 days were equivalent to normal zone ENDO/EPI ratios.
Postocclusion Blood Flow: Comparison of Estimated Collateral Flow with Values from the Reference Population
Ten minutes after acute LAD occlusion, blood flow to the center zone (coronary collateral flow) was determined in all dogs. Apparent collateral flow in the test dogs was unusually low, averaging 0.11 ± 0.03 ml/min per g in 20 dogs. An attempt was made to normalize values and correct for disappearance of microsphere radioactivity by expressing postocclusion flow as a percent of preocclusion values. The distribution histogram of flows in this group of dogs was compared to the histogram of a reference population of 70 dogs (Fig. 2) . Collateral flows in the reference population were normalized by expressing them as a percent of the normal zone flow at 10 minutes after occlusion (preocclusion flows were not measured). It is likely that the different methods of normalizing collateral flows in the reference and test populations are equivalent since, in our 20 test dogs, normal zone flow (1.12 ± 0.10 ml/min per g) was not significantly altered by occlusion (1.19 ± 0.07 ml/min per g). As seen in Figure 2 , the test population had a significantly higher proportion of animals with collateral flows of less than 10% than the reference population (70% vs. 36%; P < 0.05). Also, the test population had a significantly lower proportion of animals with collateral flows between 10% and 20% than the reference population (5% vs. 31%; P < 0.05). In contrast, the distribution histograms of normal zone flow in the reference and test populations were quite similar (Fig. 3) .
In one of our eight test dogs studied at 8 days after occlusion, collateral flow was relatively high: epicardial flow was 65% and endocardial flow was 37% of respective normal zone values. It is interesting to note that microsphere persistence (preocclusion center zone flow/normal zone flow X 100%) also was high: 92% in the epicardium and 103% in the endocardium. However, in those dogs in which VOL. 44, No. 2, FEBRUARY 1979 microsphere loss did occur, apparent collateral flow did not correlate with microsphere persistence (Fig.  4) . Figure 4 includes apparent flows from center zone epicardium and endocardium in which microsphere loss did occur, i.e., epicardium of the six dogs studied at 48 hours and seven dogs studied at 8 days, and endocardium of the above dogs plus the six dogs studied at 24 hours.
Discussion
Basic to the microsphere technique of measuring regional blood flow is the assumption that, once (ENDO) in which microsphere loss was observed. Endocardial points were obtained from seven dogs studied at 8 days, six dogs studied at 48 hours, and six dogs studied at 24 hours (total n = 19) . Epicardial points were obtained from seven dogs studied at 8 days and six dogs studied at 48 hours (n = 13). Microsphere loss was not observed in the epicardium of dogs studied at 24 hours. Hence, epicardial data are not shown for these six dogs.
trapped, the microspheres remain undisturbed in the tissues until the animal is killed and the tissue is prepared for counting. Although this assumption is valid for several hours after a given microsphere injection (Domenesch, 1969; Archie et al., 1973; Utley et al., 1977) , and it may remain true at least 8 days (Fig. 3 ) after injection of microspheres into normally perfused tissue, the present study suggests that severely ischemic myocardial tissues lose a significant fraction of microspheres within 24 hours of acute coronary occlusion. Under normal conditions, flow distributes to all portions of the left ventricle in a reasonably uniform manner, with flow to apical regions slightly higher than to the base of the heart (Marcus et al., 1975) . Our five control dogs exhibited no marked differences between preocclusion flow to normal and center zones. The discrepancy in apparent flow between normal and center zones in the test dogs must, therefore, represent loss of microsphere radioactivity from ischemic tissue. It is unlikely that radioactivity is leached from the microspheres, since the radionuclide is sealed inside the microsphere and is separated only in hot, concentrated acid. Thus, the discrepancy in apparent flow probably represents loss of the microspheres themselves.
It is possible that microspheres are removed as a part of the tissue disintegration and inflammatory response that characterize myocardial infarction.
An additional explanation, other than microsphere loss, must be considered. Since our method of flow measurement is based on radioactivity counts per gram of tissue, it is conceivable that there has been no microsphere loss in the first 24 hours but, rather, an increase in tissue mass due to tissue swelling and edema occurring between the time preocclusion microspheres were injected and the time of killing. Our study does not indicate the extent to which each possible mechanism contributed to the observed discrepancies. However, tissue edema is a much less likely explanation at 48 hours and is certainly not possible at 8 days. In either case, the net result would be the calculation of a falsely low value for flow to center zone.
Microsphere loss was related to severe levels of ischemia. The one dog with a postocclusion flow of 65% normal in the epicardium and 37% normal in the endocardium of the center zone did not exhibit this loss. Also, the ischemia had to be maintained for an extended period of time. Thirteen minutes of ischemia in the control dogs did not result in microsphere loss. In dogs with ischemia that was sufficiently severe and prolonged to cause microsphere loss, however, severity of flow deprivation did not correlate with the amount of microsphere loss. This is apparent from Figure 4 and from the fact that the magnitude of microsphere loss was equivalent in the epicardium and the endocardium. Microsphere loss appeared more rapidly in the endocardium (24 hours) than in the epicardium (48 hours; Fig. 1 ). Once loss became apparent, however, the magnitude of loss did not increase progressively with time after coronary occlusion.
Values for collateral flow in the test dogs were unusually low, even when corrected for apparent microsphere loss (Fig. 3) . The number of microspheres in ischemic tissue is already critically low for accurate counting (Buckberg et al., 1971) ; this factor, coupled with the further compromise imposed by loss of microspheres following infarction, might in some cases reduce apparent flow below the level of sensitivity of the technique. Alternatively, the magnitude of loss of microspheres injected postocclusion may not be equivalent to the magnitude of loss of the microspheres injected preocclusion.
Whatever the explanation, there does not appear to be a factor that can be determined from the preocclusion flow that offers a predictable variable such that collateral flow values can be corrected.
In summary, radioactive microspheres are lost from severely ischemic tissue within 24 hours of occlusion. Thus, the microsphere injection technique appears unsuitable for quantitative assessment of coronary collateral flow when occlusion is maintained for 24 hours or longer between the time of injection and the time that tissue samples are obtained for counting.
